The phagosomal transporter (Pht) family of the major facilitator superfamily (MFS) is encoded by phylogenetically related intracellular gammaproteobacteria, including the opportunistic pathogen Legionella pneumophila. The location of the pht genes between the putative thymidine kinase (tdk) and phosphopentomutase (deoB) genes suggested that the phtC and phtD loci contribute to thymidine salvage in L. pneumophila. Indeed, a phtC ؉ allele in trans restored pyrimidine uptake to an Escherichia coli mutant that lacked all known nucleoside transporters, whereas a phtD 
T
he facultative intracellular bacterium Legionella pneumophila is an opportunistic pathogen of the human lung, where it can cause the severe pneumonia known as Legionnaires' disease. In nature, L. pneumophila dwells in freshwater as a parasite of several protozoan species (1) . During its coevolution with free-living amoebae, such as Acanthamoeba castellanii, L. pneumophila acquired mechanisms to resist a number of environmental stresses, including nutrient limitation (2) . It has become evident that the success of L. pneumophila as a protozoan pathogen is due in part to the acquisition of functions that enable the bacterium to efficiently salvage nutrients from host cells and manipulate host cell biology and metabolism (3) (4) (5) . The evolutionary conservation of the strategies this bacterium employs to infect both protozoa and alveolar macrophages has been instrumental in providing insight into virulence mechanisms of this and other intracellular pathogens (3) (4) (5) (6) (7) .
A hallmark of L. pneumophila is its ability to alternate between distinct cell types during its life cycle. Transmissive L. pneumophila bacteria infect suitable hosts, evade lysosomal degradation, and establish a niche within endoplasmic reticulum-derived vacuoles (8) (9) (10) . Within this compartment, the bacterium differentiates into a replicative form. As nutritional and environmental conditions deteriorate, L. pneumophila cells again differentiate into a transmissive form fit to infect a new host that can support growth. When starvation is prolonged, such as occurs within Tetrahymena tropicalis, the bacteria differentiate to a highly resilient mature intracellular form, or MIF (11, 12) .
The signals known to dictate the developmental state of L. pneumophila reflect its metabolic activity. The stringent response pathway is a major regulator of the transition between the replicative and transmissive states of L. pneumophila (13) (14) (15) . By synthesizing the ppGpp alarmone, the RelA and the SpoT enzymes equip L. pneumophila to induce expression of transmissive traits when decreases in amino acid availability or perturbations in fatty acid metabolism compromise replication.
Conversely, for intracellular transmissive L. pneumophila to differentiate to the replicative form and grow in macrophages, the pathogen must sense, salvage, and utilize metabolites present in its host cell (3, 4, (16) (17) (18) . Studies of functions necessary for bacterial replication in macrophages identified the phagosomal transporter A (PhtA) protein as required for intracellular salvage of threonine, an amino acid essential to L. pneumophila (3) . Furthermore, L. pneumophila lacking PhtA does not differentiate from the transmissive to the replicative phase in macrophages, highlighting a mechanism by which metabolic cues dictate the developmental state of the bacterium.
The L. pneumophila Philadelphia-1 genome encodes 10 additional phtA paralogues that are proposed to comprise a subfamily of the major facilitator superfamily (MFS) (3, 4) . In addition to PhtA, genetic analyses have further demonstrated that additional pht loci are required during intracellular replication, namely, phtC, phtD, phtE, phtF, and phtJ (19) . Of these, PhtJ is required for acquisition of valine, another essential amino acid for L. pneumo-phila (19) . Additional members of the Pht subfamily identified by phylogenetic analyses are found mainly in intracellular prokaryotes such as Coxiella burnetii and Francisella tularensis (4) . Of these three species, L. pneumophila possesses the greatest number of Pht paralogues. The large number of Pht proteins predicted for L. pneumophila suggests that they confer distinct advantages for the pathogen's exploitation and survival within phagocytic vacuoles.
Among the Pht family members, the PhtC and PhtD paralogues belong to the same phylogenetic cluster, suggesting that they may share a biological function (4). The study presented herein was conducted to ascertain how PhtC and PhtD contribute to L. pneumophila fitness by providing transport functions.
MATERIALS AND METHODS
Bacterial strains, media, and chemicals. All bacterial strains, plasmids, and primers used in this study are listed in Tables 1 and 2 . The L. pneumophila strains used in this work are derivatives of strain Lp02 (MB110), (20) . L. pneumophila strains were routinely cultured in N-(2-acetamido)-2-aminoethanesulfonic acid (ACES)-buffered yeast extract (AYE) broth supplemented with ferric nitrate (13.5 mg/ml) and L-cysteine (0.4 mg/ml). When required, thymidine was added to the medium at 1, 10, or 100 g/ml as indicated. ACES-buffered charcoal yeast extract (CYE) solid medium was prepared by the addition of charcoal (2 g/liter) and agar (15 g/liter) to AYE broth and supplemented as described above. Modified Ristroph's medium (MRM), prepared as previously described (3, 16) , was used as defined medium for L. pneumophila. Chloramphenicol (5 g/ml), kanamycin (25 g/ml), and gentamicin (Gent; 10 g/ml) were added to L. pneumophila cultures as required. In experiments that required artificial induction of gene expression, isopropyl ␤-D-1-thiogalactopyranoside (IPTG) was added at a final concentration of 400 M unless otherwise specified. The nucleoside analog 5-fluorodeoxyuridine (FUdR; MP Biomedicals) was used at the concentrations indicated within the text or corresponding figures as appropriate. For culturing Escherichia coli strains, Luria broth (LB) was used as rich medium, and no-carbon E (NCE) medium (21, 22) was used as the minimal medium. NCE medium was supplemented with gluconate (20 mM), thiamine (0.3%), magnesium sulfate (1 mM), calcium chloride (0.1 M), Casamino Acids (10%), ferric nitrate (10 M), and additional trace metals (23) . The medium was also supplemented with thymidine at 100 g/ml as required by culture conditions. When necessary for plasmid selection, the antibiotics ampicillin (100 g/ml) and chloramphenicol (30 g/ml) were added to E. coli cultures. IPTG and FUdR were added as described above for L. pneumophila.
RNA analysis. To analyze the expression of the phtC-phtD locus, RNA from L. pneumophila strain Lp02 (MB110) cultured in AYE broth to exponential (E; optical density at 600 nm [OD 600 ] of 1.2) or postexponential (PE; OD 600 of 4.2) phase was extracted using TRIzol reagent (Invitrogen) according to the manufacturer's recommendations. To digest contaminating DNA, RNA samples were treated with Turbo DNA-free (Ambion). RNA was then converted into cDNA using SuperScript II and random hexanucleotide primers (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. Thereafter, regions of interest were amplified from the cDNA samples using gene-specific primers (Table 2 ) and analyzed by agarose gel electrophoresis.
Strain construction. (i) Construction of phtC mutant strains. To construct L. pneumophila phtC mutant strains, the phtC gene was amplified from MB110 genomic DNA using oligonucleotide primers phtC F Gent and phtC R Gent ( Table 2 ). The resulting PCR product was cloned into pGEM-Teasy (Promega) to generate pGEM-phtC. The pGEM-phtC plasmid was digested at a unique StuI site 600 bp within the phtC gene sequence. The gentamicin resistance cassette (1.7 kb) from pGEMT-Gent was obtained by EcoRI digestion and purification. The cohesive ends of the cassette DNA were made blunt using the Klenow fragment of DNA polymerase. The blunt-ended cassette was ligated to the StuI-digested pGEM-phtC to generate pGEM-phtC::Gent.
A kanamycin resistance cassette (1.3 kb) was obtained from plasmid pUC4K (GE Life Sciences) by PCR amplification using primers etpD/ aphA3 F and etpD/aphA3 R. The amplified cassette was ligated into pGEM-phtC linearized with StuI, resulting in plasmid pGEM-phtC::kan.
L. pneumophila phtC mutant strains were generated by natural transformation of phtC::Gent or phtC::kan DNA obtained by PCR amplification from pGEM-phtC::Gent or pGEM-phtC::kan, respectively, as described previously (24) . Several independent isolates of each were tested and verified to behave identically in phenotypic assays.
(ii) Construction of phtD mutant strains. The L. pneumophila phtD gene was amplified from strain MB110 genomic DNA using primers phtD F Gent and phtD R Gent ( Table 2 ). The amplified gene was then ligated into pGEM-Teasy (Promega) to generate pGEM-phtD. Plasmid pGEMphtD was digested at a unique EcoRV site located at 850 bp within the phtD sequence. A gentamicin or kanamycin resistance cassette prepared as described above was ligated to the linearized pGEM-phtD plasmid yielding pGEM-phtD::Gent or pGEM-phtD::kan, respectively. Multiple phtD::kan and phtD::Gent mutant isolates were generated, tested as described above, and found to behave identically in phenotypic assays. (iii) Construction of complementing plasmids. For in vitro complementation tests, the wild-type (WT) phtC allele was first amplified from strain MB110 genomic DNA by PCR using primers phtC comp F and phtC comp R ( Table 2 ). The purified PCR product was then digested with restriction endonucleases EcoRI and HindIII and ligated into plasmid pMMB206⌬mob (13) to generate pphtC ϩ . To construct a phtD complementation plasmid, the phtD gene was amplified by PCR from strain MB110 genomic DNA using primers phtD comp F and phtD comp R ( Table 2 ). The phtD PCR product was processed as described above and ligated into plasmid pMMB206⌬mob to generate pphtD ϩ . For in vivo complementation tests, the tdk-phtCD-deoB locus was amplified by PCR using primers KCDB_F_sac1 and KCDB_compl_R_xma1 (Table 2 ) and the Herculase II DNA Polymerase (Agilent Technologies). After digestion with SacI and XmaI, the resulting fragment was cloned into the pSU2719 vector (25) at the corresponding sites, creating plasmid pKCDB. Complementation vectors were transferred to L. pneumophila strains by electroporation as described previously (26) .
(iv) Restoration of dTMP prototrophy to the L. pneumophila thyA strain. The dTMP auxotrophy of the L. pneumophila thyA strain MB110 (20) was corrected by allelic replacement of the mutant thyA allele with the thyA ϩ allele from the Philadelphia-1 strain. The wild-type thyA allele was introduced into the MB110 strain by natural transformation of plasmid pJB3395 (Table 1) as previously described (27) .
Phenotypic analyses. (i) L. pneumophila. Phenotypic assessments of L. pneumophila strains were performed in AYE or MRM liquid medium. Growth curves of L. pneumophila strains were obtained using a Bioscreen growth curve analyzer (Growth Curves, USA) and 300-l culture volumes with continuous shaking at medium amplitude. Readings of the optical density at 600 nm (OD 600 ) were recorded in 1-h intervals. To prepare inocula, each strain to be assayed was cultured in appropriately supplemented AYE medium overnight at 37°C with shaking. To synchronize growth of L. pneumophila cultures, cells from each overnight culture were diluted into fresh liquid medium and incubated at 37°C with shaking until cultures reached an OD 600 between 0.8 and 1.0, and then inocula were obtained for growth curve analyses. To normalize the cell density of each inoculum, cultures were diluted by a factor of 0.00696 per OD 600 unit. When MRM was used in growth analyses, cells were washed in phosphatebuffered saline prior to inoculation to appropriate density. All growth curves shown herein are representative of multiple experiments. Data were plotted and analyzed using GraphPad Prism, version 5, software (GraphPad Software, Inc.).
(ii) E. coli. To assess the pyrimidine nucleoside transport activity of PhtC and PhtD, inhibition of growth by the pyrimidine nucleoside analog FUdR was measured. Inocula of each strain were obtained from overnight cultures in LB medium containing 30 g/ml chloramphenicol. Next, the effect of FUdR on bacterial growth was assayed in NCE gluconate liquid medium using a Bioscreen growth curve analyzer to measure the OD 600 of each culture at 20-min intervals during overnight incubation at 37°C.
Replication in murine bone marrow-derived macrophages. Macrophages were acquired from the femur bone marrow of female A/J mice (Jackson Laboratory) as previously described (9) . A total of 2.5 ϫ 10 5 macrophages were plated in each well of 24-well plates (Corning, Inc.) in RPMI medium supplemented with 10% fetal bovine serum (FBS) and 100 g/ml of thymidine. Macrophages were infected at a multiplicity of infection (MOI) of 1 with PE-phase bacteria. At 2 h postinfection, the monolayers were washed three times with RPMI medium before addition of fresh RPMI medium supplemented with FBS and thymidine as above. To obtain bacterial counts at 2 to 72 h postinfection, macrophages were lysed in 2% saponin, and then lysates were serially diluted and plated on CYE medium with appropriate supplements.
Animal experiments. All mouse experiments were approved by the University of Michigan Committee on the Use and Care of Animals.
RESULTS
Chromosomal location implicates the phtC and phtD gene products in thymidine salvage. The phtC and phtD genes are positioned in tandem on the L. pneumophila genome, flanked by the putative thymidine kinase (tdk) and phosphopentomutase (deoB) genes, respectively (Fig. 1A) . The putative PhtC and PhtD MFS transport proteins share 60% similarity and 37% identity across their entire lengths (4). The tdk gene is located directly upstream, only 47 bp from the proposed phtC translation start, whereas the annotated deoB gene is directly downstream of phtD.
Both Tdk and DeoB are involved in nucleotide metabolism, particularly in thymidine salvage (28) . For example, E. coli salvages and assimilates thymidine into dTMP by two major routes (Fig. 1B) : (i) transport by the Nup systems and conversion to dTMP by the Tdk enzyme, leading to dTTP synthesis (29) , or (ii) catabolism to thymine and deoxyribose-1-phosphate by the DeoA thymidine phosphorylase enzyme, generating acetaldehyde and glyceraldehyde-3-phosphate as end products via the subsequent action of phosphopentomutase (DeoB) and deoxyriboaldolase (DeoC) enzymes (28, 30) .
To determine whether phtC and phtD are cotranscribed with the flanking tdk and deoB genes, RNA was isolated from WT L. pneumophila cultured to the E or PE phase, and then reverse transcription-PCR (RT-PCR) experiments were performed using primers specific to the tdk-phtC, phtC-phtD or phtD-deoB intergenic regions ( Fig. 2 and Table 2 ). As positive and negative controls for operon structure, the intergenic regions corresponding to the motCB operon and the divergent genes sda-2 and mip (31) were analyzed, respectively. A PCR product of the size expected for polycistronic mRNAs was detected for each intergenic region of the tdk-phtCDdeoB and motCB loci but not for the divergently transcribed sda-2-mip genes (Fig. 2) . Accordingly, the tdk-phtCD-deoB genes likely comprise an operon. Based on their sequence similarity and operon structure, we postulated that PhtC and PhtD contribute to thymidine acquisition and assimilation by L. pneumophila.
PhtC confers pyrimidine nucleoside transport activity to E. coli lacking nucleoside transport systems. As a first test of the hypothesis that PhtC and PhtD proteins function as pyrimidine nucleoside transporters, we exploited a well-characterized E. coli mutant and a toxic nucleoside analog. Cells that encode a functional thymidine salvage system, minimally consisting of nucleoside transporters and Tdk (Fig. 1B) , can assimilate the pyrimidine nucleoside analog 5-fluorodeoxyuridine (FUdR) (32, 33) into fluorodeoxyuridine monophosphate (FdUMP). In turn, FdUMP inhibits dTMP synthase (ThyA) activity, thereby blocking dTTP synthesis and DNA replication. Due to the lack of all known nucleoside transport functions, E. coli strain SØ6687 is highly resistant to FUdR (34) . Accordingly, if the L. pneumophila PhtC or PhtD protein transports pyrimidine nucleosides, the corresponding phtC ϩ or phtD ϩ allele is predicted to increase the FUdR sensitivity of the E. coli nucleoside transport mutant strain.
When cultured in minimal medium, strain SØ6687 derivatives carrying phtC, phtD, or the E. coli nucleoside transporter nupC (34) (35) (36) in trans grew similarly (Fig. 3A) . In contrast, in the presence of FUdR concentrations as low as 0.5 g/ml, either the E. coli nupC ϩ or the L. pneumophila phtC ϩ allele was detrimental to growth (Fig.  3B) . Furthermore, growth inhibition of the SØ6687 nupC and phtC derivatives was circumvented when thymidine was present in 200-fold excess of FUdR (Fig. 3C) , indicating specificity for the assay. In contrast, plasmid-encoded phtD ϩ did not have a detectable effect on growth of strain SØ6687 under any of the conditions tested. By analogy to NupC, these observations indicate that PhtC possesses import activity, at least for uridine nucleosides.
In the absence of exogenous thymidine, PhtC and PhtD enhance survival of L. pneumophila. To test genetically whether PhtC or PhtD contributes to L. pneumophila thymidine metabolism, we exploited the Lp02 strain (MB110), which has a mutation in the thymidylate synthase gene thyA. As a result of blocked de novo dTMP synthesis, L. pneumophila thyA mutants require thymidine supplementation to replicate to wild-type levels in broth or macrophage cultures (20) . Since the nucleobase thymine fails to satisfy its dTMP requirement (data not shown), the L. pneumo- 
FIG 3 PhtC provides pyrimidine nucleoside transport activity to an E. coli
mutant that lacks all known nucleoside transporters. E. coli strain SØ6687 transformed with the plasmids indicated was cultured at 37°C in minimal medium with the following supplements: no FUdR, 0.5 g/ml FUdR, and 0.5 g/ml FUdR plus 100 g/ml thymidine. Plasmid pSU19 served as a vector control for pnupC ϩ , and pMMB206 served as a control for pphtC ϩ and pphtD ϩ . Triangles, pSU19; inverted triangles, pnupC ϩ ; diamonds, pMMB206; circles, pphtC ϩ ; squares, pphtD ϩ .
phila thyA strain exhibits a thymidine rather than a thymine auxotrophy. After the thyA strain was transformed with multicopy plasmids carrying the phtC or phtD gene, the strains were cultured in the presence of thymidine to either the early, middle, or late stage of exponential growth and then transferred to medium lacking thymidine. L. pneumophila culture density was then monitored for 47 h. After cultures were transferred to medium without thymidine, the final density each strain attained depended on the stage of growth of the inoculum. Samples obtained during early E phase (Fig. 4A) reached overall higher final densities than those collected at mid-E and late E phases ( Fig. 4B and C) . Thus, L. pneumophila thyA mutants appeared best able to tolerate thymidine-poor conditions during early exponential growth.
Throughout the E phase, multiple copies of either the phtC ϩ or phtD ϩ allele increased culture density of the thyA strain during starvation, as judged by comparison to the vector alone (Fig. 4) . Especially at later stages of exponential growth, the plasmid-borne phtC ϩ allele was more advantageous than the phtD ϩ allele in protecting the thyA strain from starvation (Fig. 4) . Therefore, PhtC and PhtD each increased the fitness of L. pneumophila when exogenous thymidine was limiting.
L. pneumophila thyA strains require PhtC to survive thymidine deprivation. As an independent approach to test the contribution of PhtC and PhtD to nucleoside metabolism in L. pneumophila, we next constructed phtC and phtD mutants of the thyA strain and analyzed their response to thymidine limitation.
After transfer of a mid-log-phase culture of the thyA strain from thymidine-rich medium (100 g/ml) to medium without this nucleoside, the culture density continued to increase for several hours before reaching a lower plateau than fully supplemented cultures (OD 600 of 0.5 versus ϳ2.0) (Fig. 5A and C) . However, when thyA phtC mutants were transferred from thymidinerich medium to medium lacking thymidine, culture density did not increase (Fig. 5A) . In stark contrast, the thyA phtD mutant strain responded to thymidine limitation at least as well as the parent (Fig. 5A) . Furthermore, just 1 g/ml of thymidine was sufficient to restore thyA phtD culture density to the level attained by the wild type in fully supplemented medium (Fig. 5B and C) , whereas the thyA phtC mutants required Ͼ10 g/ml thymidine to reach the wild-type level (Fig. 5B and C and data not shown) . Thus, although dispensable when exogenous thymidine is abundant, phtC appears to contribute to L. pneumophila fitness during thymidine limitation. The data also indicate that in the phtC mutant strain, a pathway distinct from the phtC-phtD locus equips L. pneumophila to acquire exogenous thymidine.
To verify that loss of phtC conferred the thymidine starvation phenotype and also to test whether the observed changes in optical density reflected cell number, rather than cell filamentation, viable counts were determined. In the absence of exogenous thymidine, the thyA strain carrying the pMMB206 vector sustained viability of ca. 10 8 CFU/ml for up to 24 h before experiencing a moderate loss in cell numbers (Fig. 5D) . In contrast, thyA phtC mutant bacteria not only failed to replicate in the absence of exogenous thymidine but also quickly lost viability over a 48-h period after inoculation into medium lacking the nucleoside (Fig. 5D) . It was notable that the pphtC ϩ plasmid was sufficient to restore viability of the thyA phtC mutant strain to wild-type levels, despite the absence of exogenous thymidine. Therefore, PhtC appears to equip L. pneumophila to tolerate thymidine starvation and avoid
FIG 4
The ability of L. pneumophila to tolerate thymidine starvation is enhanced in early exponential growth phase and by plasmid-borne phtC and phtD. Early-, mid-, or late-exponential-phase cultures of L. pneumophila thyA/pMMB206 (MB698; circles), thyA/pphtC ϩ (MB706; squares), and thyA/ pphtD ϩ (MB707; triangles) strains were transferred from AYE broth supplemented with 100 g/ml thymidine to medium without thymidine for the periods shown, and then their culture densities were monitored using a Bioscreen growth curve analyzer. Shown are means calculated from triplicate samples Ϯ standard errors of the means; similar results were obtained in at least one other experiment. thymineless death, perhaps by a mechanism distinct from nucleoside uptake from the environment.
PhtC and PhtD protect L. pneumophila from FUdR. As an independent test of the hypothesis that PhtC and PhtD transport nucleosides, we constructed isogenic thyA ϩ phtC and thyA ϩ phtD L. pneumophila strains and analyzed their responses to FUdR. By analogy to E. coli, we reasoned that if PhtC and PhtD function solely to transport exogenous nucleosides, then L. pneumophila lacking these proteins would be more resistant to FUdR than their parent strains.
In stark contrast to the prediction, the culture densities achieved by both L. pneumophila thyA ϩ phtC and thyA ϩ phtD strains were severely restricted by 12.5 g/ml FUdR (Fig. 6B and  C) , a dose tolerated by the isogenic wild-type strain, which was more resistant to the toxic analogue than E. coli (Fig. 6A and data not shown). As expected, 100 g/ml of thymidine negated the inhibitory effects of FUdR on thyA ϩ , thyA ϩ phtC, and thyA ϩ phtD strains (Fig. 6A, B, and C) , verifying the specificity of the assay for L. pneumophila. Inclusion of as little as 1 g/ml thymidine was sufficient to relieve the FUdR inhibition for both the thyA ϩ parent (Fig. 6A ) and the thyA ϩ phtD mutant (Fig. 6C) but not for the thyA ϩ phtC strain (Fig. 6B) . The phtC ϩ plasmid partially suppressed the toxic effect of 7.5 g/ml FUdR on the thyA ϩ phtC mutant (Fig. 6D) , and addition of just 1 g/ml thymidine was sufficient to restore culture density of this strain to wild-type levels (Fig. 6E) . These results verify that FUdR inhibits L. pneumophila by interfering with nucleoside metabolism. Thus, as observed in cultures when thymidine was limiting (Fig. 5) , PhtC promotes L. pneumophila replication when generation of dTMP is inhibited by FUdR. Since well-characterized E. coli nucleoside transporters make cells more, not less, sensitive to FUdR (Fig. 3) (35, 37) , PhtC and PhtD appear to contribute to dTMP metabolism by mechanisms distinct from direct import of extracellular nucleosides. Instead, we postulate that L. pneumophila can access thymidine from a cellular source using a process that is promoted by PhtC. L. pneumophila requires PhtC and PhtD to replicate in macrophages. The requirement of PhtA and PhtJ function for amino acid salvage and intracellular replication of L. pneumophila suggests that the Pht family of proteins evolved to function as nutrient acquisition systems within host cells (3, 19) . To assess the requirement of PhtC or PhtD by L. pneumophila during intracellular growth, primary mouse macrophages were infected with the thyA strain and its phtC and phtD derivatives. The phtC and phtD mutant strains displayed severe intracellular growth defects (Fig. 7) , comparable to those of phtA mutants (3) . Unlike growth of the phtA or phtJ mutant strain (19) , the intracellular replication defect phtD (MB705; circles) strains were cultured at 37°C in AYE liquid medium supplemented with 100 g/ml thymidine, transferred to AYE medium (A) or medium supplemented with 1 g/ml (B) or 100 g/ml (C) thymidine, and then their culture densities were monitored using a Bioscreen growth curve analyzer. The experiments shown are representative of multiple independent experiments, each performed in duplicate; error bars indicate standard errors of the means. (D) L. pneumophila thyA(pMMB206) (MB698; circles), thyA/pphtC ϩ (MB706; squares); thyA phtC/pMMB206 (MB708; triangles), and thyA phtC/pphtC ϩ (MB709; inverted triangles) strains were transferred from AYE broth supplemented with 100 g/ml thymidine to medium without thymidine for the periods shown, and then their yields were determined by enumerating CFU per ml. The experiment was performed in duplicate; error bars indicate standard errors of the means. The difference at 16 h between the phtC and phtD mutants and the thyA parent and the complemented strains is statistically significant (P Ͻ 0.0001) according to a two-way analysis of variance test.
of L. pneumophila phtC and phtD derivatives was not alleviated by addition of its putative substrate-thymidine-to the tissue culture medium (data not shown). Nor was plasmid-borne phtC or phtD sufficient to restore intracellular replication of the corresponding mutants in either the thyA or thyA ϩ genetic background (data not shown). However, when the entire tdk-phtC-phtD-deoB locus was present on a plasmid, the phtC and phtD mutants each replicated to wild-type levels (Fig. 7) . Therefore, the phtC-phtD locus promotes growth of L. pneumophila within macrophage vacuoles.
DISCUSSION
Studies of L. pneumophila physiology have revealed a number of fastidious growth requirements in axenic cultures (16, 18, (38) (39) (40) . Interestingly, when growing inside host cells, L. pneumophila does not display many of these nutritional needs, highlighting its evolution as an intracellular microbe (1, 17, 18, 41) . Indeed, as part of its virulence strategy, L. pneumophila exploits specialized systems for efficient metabolite acquisition from host phagocytes (2, (15) (16) (17) . The Pht protein family is one such system (3, 4, 19) . Herein we present evidence that implicates the PhtC and PhtD proteins in dTMP metabolism in L. pneumophila.
The chromosomal location (Fig. 1) , analysis of mRNA (Fig. 2) , and genetic complementation of the phtC and phtD intracellular growth defects (Fig. 7) are each consistent with an operon structure for tdk-phtC-phtD-deoB. Nevertheless, functional tests indicate that expression of phtC in multicopy is sufficient to restore wild-type phenotypes when the phtC mutant is subjected to dTMP limitation or starvation (Fig. 5D and 6E ). These data indicate that mutation of the phtC gene itself accounts for the defects observed under these particular in vitro conditions. However, in macrophage cultures, either L. pneumophila has a more stringent requirement for the downstream phtD and deoB genes, or expression from the endogenous promoters is critical in host cells.
FIG 6 L. pneumophila that lacks PhtC or PhtD is differentially sensitive to
FUdR. Wild-type L. pneumophila (MB670) (A) or isogenic phtC (MB717) (B) and phtD (MB718) (C) strains were cultured in AYE medium (squares) or medium that contained 12.5 g/ml FUdR (diamonds), 12.5 g/ml FUdR and 1 g/ml thymidine (circles), or 12.5 g/ml FUdR and 100 g/ml thymidine (triangles), and then their culture densities were monitored using a Bioscreen growth curve analyzer. Isogenic phtC(pMMB206) (squares; MB723), phtC/ pphtC ϩ (triangles; MB724), and phtC/pphtD ϩ (inverted triangles; MB725) strains were cultured in AYE medium that contained 7.5 g/ml FUdR (D) or 7.5 g/ml FUdR plus 1 g/ml thymidine (E), and their culture densities were monitored as above. Data shown are from one experiment representative of multiple independent trials, each done in duplicate; error bars indicate standard errors of the means. (A) Murine bone marrow-derived macrophages cultured with 100 g/ml thymidine were infected with L. pneumophila thyA (MB110; circles), a thyA strain carrying the vector pSU2719 (MB1342; inverted triangles), or the isogenic phtC (MB703; squares, dotted line) or phtD (MB704; triangles) mutant or a mutant carrying plasmid pKCDB encoding the tdk-phtC-phtD-deoB locus (phtC [MB1338], diamonds, dashed line; phtD [MB1339], asterisk, dotted line). Intracellular growth was quantified by enumerating CFU at the times shown. Shown is the mean fold growth Ϯ standard error of the mean calculated from duplicate samples in one experiment that is representative of three total. The difference at 72 h between the phtC and phtD mutants and either the thyA parent or the complemented strains is statistically significant (P Ͻ 0.0001) according to a two-way analysis of variance test.
In E. coli, where nucleotide metabolism has been studied extensively, nucleoside salvage pathways are subject to multiple modes of both transcriptional and posttranscriptional regulation (28, 30) . These mechanisms include the allosteric regulation of enzymes by nucleotides and other metabolites. The regulatory circuits that control nucleoside salvage dictate whether the nucleosides salvaged by E. coli cells are degraded to their nucleobase and sugar-phosphate components, assimilated into deoxyribonucleotides, or even converted to other nucleotides needed by the cell (28) . We surmise that, in L. pneumophila, nucleoside salvage pathways are also subject to complex regulation. The dissection of the regulatory mechanisms that govern thymidine salvage and metabolism in L. pneumophila will be critical in obtaining more detailed insights as to the physiological roles of PhtC, PhtD, and other members of this operon in the L. pneumophila life cycle.
The phenotypes observed for the thyA phtC and thyA phtD mutant strains of L. pneumophila can be bypassed with exogenous thymidine ( Fig. 5 and 6 ). Thus, we deduce that in addition to the phtC-phtD locus, L. pneumophila can utilize an additional transporter (Fig. 8) . The identity, biochemical activity, and affinity for thymidine of each predicted transporter protein awaits biochemical studies.
Several independent approaches revealed that PhtC enables L. pneumophila to utilize limiting dTMP sources. Consistent with its homology to MFS transporters, genetic analyses suggest that PhtC can import nucleosides, namely, FUdR and thymidine (Fig. 3 ). Yet, unlike other members of the MFS (34, 42) , PhtC contributed to L. pneumophila fitness during dTMP starvation even when exogenous substrate was absent or when de novo dTMP synthesis was compromised (Fig. 5D and 6B to E). If PhtC was devoted exclusively to import of extracellular thymidine, L. pneumophila cells cultured without thymidine supplementation should be indifferent to phtC mutations, but they are not (Fig. 5A and D) . Furthermore, when dTMP synthesis of L. pneumophila thyA ϩ cells is impeded by FUdR, phtC and phtD mutations compromise the growth of L. pneumophila rather than relieving inhibitory effects of the nucleoside analog (Fig. 6) . Accordingly, we postulate that the phtC-phtD locus contributes to thymidine assimilation and dTMP synthesis by mechanisms that extend beyond import. Although at present we are limited to genetic data, we envision that PhtC and PhtD, by an as yet unknown mechanism, contribute to the generation or accumulation of a cellular dTMP source and/or equip the cell to access such a source. For example, the scheme shown in Fig. 8 posits that thymidine in an as yet unidentified form may be exported to the periplasmic compartment or the outer membrane for storage and subsequent retrieval by PhtC. Whether PhtC accesses such an endogenous pool of thymidine or has additional biochemical activities linked to dTMP synthesis remains to be determined biochemically.
Whereas the data obtained here do not identify a specific biochemical activity for the PhtD protein, these genetic studies do point to a contribution to dTMP metabolism. First, the thyA phtD strain tolerates thymidine starvation conditions better than the thyA parent or thyA phtC strain (Fig. 3B) . Second, growth of the thyA ϩ phtD mutant strain when exposed to FUdR is more severely affected than that of the thyA ϩ parent (Fig. 6A and C) , and a low concentration of exogenous thymidine is sufficient to restore the growth of the mutant cells (Fig. 6C) . Determining whether PhtD contributes to dTMP metabolism by import or export of thymidine and its affinity for this nucleoside necessitates biochemical analysis using purified components.
The salvage pathways that acquire and interconvert intermediates and products of nucleotide metabolism are key to maintaining nucleotide pool homeostasis (43) (44) (45) . In E. coli, dTMP synthesis via the deoxycytidine (dCyd) pathway recruits several salvage functions to generate the dUMP substrate for ThyA (46, 54) . Together, our data indicate that the PhtC and PhtD proteins may be part of a salvage pathway that could be integrated with de novo routes to modulate nucleotide metabolism in L. pneumophila.
The loss of cell viability in replicating cells due to impact on dTMP and, ultimately, dTTP synthesis results in the well-documented phenomenon known as thymineless death (47) (48) (49) . The striking resilience of L. pneumophila to inhibition of dTMP synthesis and the ability of PhtC to protect the cell from such an upset ( Fig. 5 and 6 ) represent examples of the diverse strategies this intracellular pathogen has evolved to succeed in its natural reservoirs (50) . The importance of both dTMP synthesis and its cellular concentration to DNA replication (49, 51, 52 ) is underscored by the requirement for PhtC and PhtD during intracellular growth of L. pneumophila (Fig. 7) . Analysis of PhtC and PhtD highlights the intimate relationship between microbial metabolism and virulence. The dTMP generated via de novo pyrimidine biosynthesis is phosphorylated in two steps to be incorporated into DNA. We speculate that when the intracellular concentration and/or stoichiometry to other nucleotides exceeds cell needs, dTMP deoxyribonucleotides, thymidine (Thy), or an unknown form of dTMP (Thy-X) is exported from the bacterial cytosol by PhtD or another export protein. In response to physiological demands, the concerted action of PhtC and Tdk mediates reassimilation of thymidine as dTMP. Exogenous thymidine can also be salvaged by distinct low-affinity system(s) (transporter, Tdk). Dashed lines highlight the model's most speculative aspects.
